Five commercially available carbon dioxide analysers were assessed with respect to accuracy, response time, stability, the effect of water vapour and the effect of rebreathing. Two side-stream sampling analysers (Datex Normocap and Engstrom Eliza) and one main-stream sampling analyser (Hewlett-Packard Capnoshot) were found to be satisfactory for use both in the operating theatre and intensive care unit. The Instrumentation Laboratory (IL) 200, a side-stream monitor, performed satisfactorily but neither it nor the Siemens Sirecust 404, a main-stream monitor, has the facility to compensate for the presence of nitrous oxide. The Siemens analyser, in the form tested, could not be recommended for clinical use, as it was less accurate than the other monitors, could not detect rebreathing, and was subject to fluctuations when used with gas mixtures saturated with water vapour.
measure carbon dioxide concentrations, but due to the large capital outlay and high running costs involved, have not become widely used. Currently available carbon dioxide analysers use a form of absorption spectroscopy known as non-dispersive infra-red analysis. 9 Gaseous carbon dioxide absorbs at wavelengths of 2.6 and 4.3 microns,lO Some analysers draw the stream of the gas to be analysed through a test cell (side-stream analysers) while others have the test cell mounted in the airway (mainstream analysers). The increase in infra-red absorbance is proportional to the partial pressure of carbon dioxide in the sample, Detailed descriptions of the methods of analysis are given by Kinsella" and Blackburn and Williams. 12 We decided to evaluate five carbon dioxide analysers with respect to accuracy, response time, stability, the effect of water vapour, and the effect of rebreathing. METHODS Five commercially available carbon dioxide analysers were obtained from their Australian suppliers, and subjected to an electrical safety test based on Australian Standard AS-3200 (Electrical Equipment-General Requirements). Before the set of tests described below, each analyser was calibrated according to the manufacturer's instructions.
Accuracy. Accuracy was determined at 3070, 50J0, 70J0 and 90J0 carbon dioxide by comparing the value displayed by the analyser with the actual carbon dioxide concentration of gas from four specially prepared gas cylinders. The composition of these reference gases was confirmed by the method of Withers 13 in which oxygen concentration before and after carbon dioxide absorption is measured with a precalibrated oxygen analyser accurate to within 1 part in 1000. (Amatek SAl, Applied Electrochemical Industries, Philadelphia, U.S.A.).
Response time. A device capable of generating square wave changes in carbon dioxide concentration was constructed. 14 Solenoid-operated valves were switched via an electrical square wave generator set at a chosen frequency. The dead space in the Y -piece between the solenoid and sampling site was 2 cm 3 ; at the gas flow rates used in these studies (4Iitres/min), the maximum calculated delay in concentration change would be 0.03 seconds, which was considered insignificant with respect to the response times measured. The response to a step change in carbon dioxide concentration was determined by measuring the time taken for the analyser output to traverse from 100J0 to 900J0 of the maximum signal (5 0J0 carbon dioxide). The analyser output was recorded on a calibrated chart recorder (Grass Model 7D Polygraph, Grass Instrument Co., Quincy, Mass., U.S.A.) which was linear from o to 45 Hz for a full-scale deflection. Response times were determined for step changes in carbon dioxide concentration from 00J0 to 50J0 and back to 00J0 at a rate of 10 changes per minute. A total of 100 deflections was obtained over four test periods for each analyser. The response times of the Datex unit were obtained at both of the preset fixed sampling flow rates of 50 mllmin and 150 mllmin. Those of the IL analyser were obtained at 150 mllmin and those of the Engstrom unit at its fixed sampling flow rate of 100 mllmin.
Stability. Stability was evaluated by operating the analysers continuously for 24 hours, with the carbon dioxide concentration changing from 00J0 to 50J0 and back to 00J0 at a rate of 10 changes per minute. The output of each analyser was recorded using a threechannel chart recorder at a chart speed of 60 cm/hr. Rikadenki B-38, Rikadenki Kogyo Co. Ltd., Tokyo, Japan). A zero or grain drift of less than 0.30J0 carbon dioxide during 24 hours was considered acceptable.
Effect of water vapour. A heated water bath humidifier (Fisher and Paykel Model Z328, Fisher and Paykel Ltd., Auckland, New Zealand) which delivered saturated water vapour at 39 QC was added to the circuit used for stability evaluation and the protocol was repeated. A zero or grain drift of less than 0.3 0J0 carbon dioxide was considered acceptable.
Effect of rebreathing and nitrous oxide compensation. The effect of rebreathing was assessed by varying the test gas square wave first between 00J0 and 5 0J0, then between 10J0 and 50J0 carbon dioxide concentration and then repeating the pattern. Each analyser was allowed to sample the test gas stream. If the analyser was unable to faithfully follow these changes, a recording of the waveform was made.
The effect of the nitrous oxide compensating facility was assessed by allowing the analysers to sample a stream of gas containing nitrous oxide (650J0), carbon dioxide (5.00J0) and oxygen (300J0). For analysers having this feature, readings were taken with the nitrous oxide compensating facility both disabled and enabled. Any differences in the readings were noted.
RESULTS
Three side-stream (Datex, Engstrom and IL) and two main-stream analysers (Hewlett-Packard and Siemens) were studied. The sidestream analysers were dedicated stand-alone units, while the main-stream analysers were optional facilities available on patientmonitoring systems designed to monitor variables such as ECG, blood pressure and temperature. The name, model and manufacturer of each of the five analysers are shown in Table 1 . Side-stream analysers cost between A$5000 and A$6000. The currently available Hewlett-Packard system costs approximately A$12,000 for the main-frame monitor plus A$8100 for the combined carbon dioxide and oxygen-monitoring facility, while the Siemens system comprises a A$6800 module which is designed to interface with a Siemens 404 main-frame monitoring system (cost A$21 ,000).
Accuracy. The Engstrom, Datex and IL analysers had meters ~hich were graduated in percentage of carbon dioxide. The Engstrom and Datex analysers were always within 0.2070 carbon dioxide concentration throughout the concentration range tested. The IL varied by between -0.2% and + 0.5% carbon dioxide.
The Hewlett-Packard and Siemens analysers had meters graduated in mmHg. The Hewlett-Packard analyser was always within 3 mmHg, while the Siemens analyser overread progressively by 3, 5, 9 and 12 mmHg as the carbon dioxide concentration of the test gas increased from 3% to 9%.
Response times. The mean and standard deviation of 100 estimates of response time for each analyser is given in Table 2 .
Stability. All analysers were stable throughout the test period. No analyser had a zero or grain drift of more than 0.1 % carbon dioxide. Effect of water vapour. All analysers, except the Siemens unit, were stable in the presence of water vapour. The Siemens analyser was subject to frequent fluctuations of about 0.5% carbon dioxide in both peak and trough values after two hours exposure to water vapour. This pattern continued for the remainder of the 24-hour test period with occasional off-scale excursions of the meter. Where water traps were fitted (Datex and IL) a maximum of 5 ml of fluid was collected over 24 hours, which was within the capacity of the collection bottles of both analysers.
Effects of rebreathing and nitrous oxide compensation. All monitors, with the exception of the Siemens unit, were able to detect simulated rebreathing of carbon dioxide. A waveform typical of the Siemens analyser is compared with that of the Datex analyser in Figure 1 .
Nitrous oxide compensation was available on the Datex, Engstrom and Hewlett-Packard analysers. When this facility was enabled 5~ o TIME (seconds) FIGURE I.-Two waveforms of carbon dioxide concentration which demonstrate the inability of the Siemens analyser to detect rebreathing. The upper trace is that of the Siemens analyser and the lower trace is that of the Datex analyser. Initially, the carbon dioxide output of the square-wave generator varies between 0"10 and 5 "10, changing to an output of between I "10 and 5 "10 at I 0 seconds and reverting to an output of between 0"10 and 5"10 at 35 seconds.
during analysis of a gas mixture containing 65070 nitrous oxide, carbon dioxide readings were lowered by 0.4%, 0.6% and 0.4% respectively.
DISCUSSION
The end-expiratory carbon dioxide tension can be used as an approximation of endcapillary carbon dioxide tension, and therefore of arterial carbon dioxide tension; herein lies the rationale for end-expiratory carbon dioxide concentration monitoring. In normal subjects, the arterial/alveolar carbon dioxide tension gradient rarely exceeds 2 mmHg. However, studies during anaesthesia in patients without lung disease have shown arterial/end-tidal carbon dioxide tension gradients of 5-8 mmHg. 4 ,IS The maximum observed difference was 13 mmHg and the magnitude of the gradient correlated with respiratory rate and dead space/tidal volume ratio. Factors influencing this gradient are considered by Whitesell et al. S Given this gradient of unpredictable magnitude under anaesthesia, a high degree of accuracy in these analysers is not necessary.
Accuracy. The Datex, Engstrom and Hewlett-Packard units were the most accurate, as they were always within 0.2% carbon dioxide with meters graduated in % carbon dioxide and were within 3 mmHg carbon dioxide with meters graduated in mmHg. The Siemens analyser consistently overestimated carbon dioxide tension by between 3 mmHg and 12 mmHg depending on the concentration. Calibration of this unit was the most difficult as inadequate instructions were provided. The Datex was graduated with a dual scale between 0% and 10% concentration and 0 mmHg and 76 mmHg tension. This latter scale is valid only when the atmospheric pressure is 760 mmHg. When atmospheric pressure is significantly different (at high altitude or in a hyperbaric chamber), then the calibration should be performed accordingly.
Response times. All response times were 0.4 seconds or less. Assuming that the inspiratory:expiratory time ratio is 1:2 and that the full-scale (0% to 100%) response is complete, for practical purposes, in twice the mean response time (10% to 90%), then these devices are theoretically capable of accurate end-expired carbon dioxide measurement with Anaesthesia and Intensive Care. Vol. /5, No. 2, May. 1987 respiratory rates of up to 50 breaths per minute. A widely held belief that main-stream analysers offer faster response times than side-stream analysers is not borne out by this study; the sample delay time of about one second with side-stream monitors is of no clinical significance.
Stability. All monitors were stable over a 24-hour period.
Effect of water vapour. All analysers were unaffected by water vapour during 24 hours exposure, except the Siemens unit which was affected after two hours. Wiping the condensed water from the sampling window restored the Siemens to proper operation. The sampling tube of the Engstrom unit is designed to be permeable to water and was effective despite the lack of a water trap. A more durable version of this sampling tube is now available following reports of damage to the original model after protracted use (personal communication, Gambro, Australia).
Rebreathing. The Siemens analyser was unable to detect rebreathing of carbon dioxide as it always assumed trough concentrations to be zero, a feature which has been reported previously. 16 This analyser automatically adjusted the zero reading after each breath and therefore cancelled out the trough value of 1 % carbon dioxide. The resultant peak value was not the true difference of 4% between the higher and lower value but was approximately 3% (Figure 1 ). The manufacturers have indicated that this problem can be overcome by a minor internal modification. In its unmodified form, this monitor is unsuitable for use in circuits where there is the possibility of rebreathing of exhaled gas or addition of carbon dioxide to the inspired gas.
Other impressions. Two analysers (the IL and Siemens) lacked the facility to compensate for the presence of nitrous oxide. Those units fitted with nitrous oxide compensation reduced the output signal by between 0.4% and 0.6% carbon dioxide concentration. This difference is consistent with that reported by Russell. 17 Lack of such compensation renders a capnometer less useful in the operating theatre by displaying a falsely elevated carbon dioxide level when the breathing circuit contains nitrous oxide.
The digital display of the Engstrom analyser is subject to misinterpretation unless viewed from straight on. This is a common problem with seven-segment diode displays that are recessed into the front panel of an instrument. Such a display results in loss of 'visual data' compared with an analog meter or screen display.
Main-stream monitors have bulky, heated sensors which need to be supported and prevented from contacting the patient. These monitors involve a higher capital outlay than the side-stream monitors; we did not detect any difference in performance that could justify the increased expenditure.
